Gano LB, Donato AJ, Pasha HM, Hearon CM Jr, Sindler AL, Seals DR. The SIRT1 activator SRT1720 reverses vascular endothelial dysfunction, excessive superoxide production, and inflammation with aging in mice. Am J Physiol Heart Circ Physiol 307: H1754 -H1763, 2014. First published October 17, 2014 doi:10.1152/ajpheart.00377.2014.-Reductions in arterial SIRT1 expression and activity with aging are linked to vascular endothelial dysfunction. We tested the hypothesis that the specific SIRT1 activator SRT1720 improves endothelial function [endothelium-dependent dilation (EDD)] in old mice. Young (4 -9 mo) and old (29 -32 mo) male B6D2F1 mice treated with SRT1720 (100 mg/kg body wt) or vehicle for 4 wk were studied with a group of young controls. Compared with the young controls, aortic SIRT1 expression and activity were reduced (P Ͻ 0.05) and EDD was impaired (83 Ϯ 2 vs. 96 Ϯ 1%; P Ͻ 0.01) in old vehicle-treated animals. SRT1720 normalized SIRT1 expression/activity in old mice and restored EDD (95 Ϯ 1%) by enhancing cyclooxygenase (COX)-2-mediated dilation and protein expression in the absence of changes in nitric oxide bioavailability. Aortic superoxide production and expression of NADPH oxidase 4 (NOX4) were increased in old vehicle mice (P Ͻ 0.05), and ex vivo administration of the superoxide scavenger TEMPOL restored EDD in that group. SRT1720 normalized aortic superoxide production in old mice, without altering NOX4 and abolished the improvement in EDD with TEMPOL, while selectively increasing aortic antioxidant enzymes. Aortic nuclear factor-B (NF-B) activity and tumor necrosis factor-␣ (TNF-␣) were increased in old vehicle mice (P Ͻ 0.05), whereas SRT1720 normalized NF-B activation and reduced TNF-␣ in old animals. SIRT1 activation with SRT1720 ameliorates vascular endothelial dysfunction with aging in mice by enhancing COX-2 signaling and reducing oxidative stress and inflammation. Specific activation of SIRT1 is a promising therapeutic strategy for age-related endothelial dysfunction in humans.
DESPITE RECENT DECLINES IN prevalence, cardiovascular diseases (CVD) remain the leading cause of morbidity and mortality in modern societies (37) . Advancing age is the primary risk factor for CVD, and this is largely attributable to vascular pathology characterized in part by endothelial dysfunction (26) . As such, endothelial dysfunction, most commonly assessed as impaired endothelium-dependent dilation (EDD), is an important therapeutic target for the prevention of age-associated CVD (26) .
Impaired EDD with aging is mediated by reduced dilation to endothelium-derived dilators, most notably nitric oxide (NO) and vasodilatory prostanoids produced by cyclooxygenase (COX)-1 or COX-2 (40, 43, 45, 50) . Impaired NO and prostanoid signaling in this setting is, in turn, associated with oxidative stress featuring increased vascular superoxide production, partially due to enhanced expression of the oxidant enzyme NADPH oxidase (NOX) (14, 21, 45) . The oxidative stress stimulates a chronic, low-grade inflammation characterized by increases in inflammatory cytokines such as tumor necrosis factor-␣ (TNF-␣) and interferon-␥ (IFN-␥), possibly mediated by enhanced activation of the proinflammatory transcription factor nuclear factor-B (NF-B) (8, 12, 28) . NF-B activation is stimulated by an increase in intracellular reactive oxygen species (6) and can be regulated by posttranslational modifications, such as acetylation of the subunit p65 at lysine310 (5, 52) .
Several novel cellular signaling pathways appear to modulate endothelial function with aging. SIRT1 is a member of the sirtuin family of enzymes associated with lifespan extension and other antiaging effects (4, 33, 34) . SIRT1 is a nicotinamide adenine dinucleotide-dependent deacetylase (4), the expression of which decreases with advancing age in several tissues (13, 24, 47) . We recently demonstrated that SIRT1 expression and activity decrease with age in the vasculature in both mice and humans, and this contributes to endothelial dysfunction (13, 36) . This suggests that pharmacological activation of SIRT1 may hold therapeutic promise for treatment of age-related endothelial dysfunction. In this context, SRT1720, a specific small-molecule activator of SIRT1, exerts beneficial effects in rodent models of age-related metabolic diseases (15, 32) and increases lifespan in mice (33, 34) .
In the present study, we hypothesized that a 4-wk treatment with SRT1720 would increase arterial SIRT1 expression and activity and improve vascular endothelial dysfunction as indicated by an increase in EDD in old mice. We also sought to gain insight into the vasodilatory pathways mediating this improvement, as well as any vascular antioxidant and/or antiinflammatory effects of treatment. Animals. Young (4 -9 mo) and old (29 -32 mo) male B6D2F1 mice were obtained from the National Institute on Aging rodent colony and were fed normal rodent chow ad libitum. All mice were housed in an animal care facility at the University of Colorado at Boulder on a 12:12-h light-dark cycle. Young (n ϭ 14 -30 per group) and old (n ϭ 34 -35 per group) mice were treated with 100 mg/kg body wt SRT1720 (Sirtris, GlaxoSmithKline, Cambridge, MA) or vehicle (40% PEG-400/0.5% Tween-80/59.5% deionized water) for 4 wk via oral gavage (32) and were compared with a group of young nonvehicle treated (reference control, n ϭ 38) mice that were studied over the same 4-wk period. Body weight was monitored weekly and at death.
METHODS

Ethical approval.
Carotid artery vasodilatory responses. EDD and endotheliumindependent dilation (EID), a control measure of vascular smooth muscle responsiveness to NO, were determined ex vivo in isolated carotid arteries as previously described (36, 39) . Briefly, mice were anesthetized using isoflurane and euthanized by exsanguination via cardiac puncture. The carotid arteries were carefully excised, cannulated onto glass micropipettes, and secured with nylon (11-0) suture in myograph chambers (DMT) containing buffered physiological saline solutions. The arteries were pressurized to 50 mmHg at 37°C and were allowed to equilibrate for 1 h. After submaximal preconstriction with phenylephrine (2 M), increases in luminal diameter in response to acetylcholine (ACh; 1 ϫ 10 Ϫ9 -1 ϫ 10 Ϫ4 M) were measured. To assess the contributions of specific vasodilatory enzymes to EDD, responses to ACh were repeated in the presence of the following inhibitors: the NO synthase (NOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 0.1 mM, 30-min incubation), the nonspecific COX inhibitor indomethacin (0.01 mM, 60-min incubation) (46) , and the COX-2 specific inhibitor N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfon-amide (NS-398; 10 M, 30-min incubation) (46) . Responses to ACh were also repeated in the presence of the superoxide scavenger TEMPOL (1 mM, 60-min incubation). NO-dependent dilation was determined from the maximal EDD in the absence or presence of L-NAME according to the following formula: NOdependent dilation (%) ϭ maximum dilationACh Ϫ maximal dilationACh ϩ L-NAME. EID was determined by vasodilation in response to sodium nitroprusside (SNP; 1 ϫ 10 Ϫ10 to 1 ϫ 10 Ϫ4 M). Sensitivity to ACh was defined as the concentration that elicited 50% of the maximal response.
Arterial protein expression. Aortas were used as a surrogate large elastic artery to provide sufficient tissue for Western blot analyses and cytokine levels. The use of the carotids for the functional measures of EDD, which included treatments with inhibitors of vasodilator pathways, precluded us from utilizing this tissue for the supporting biochemical measures, as they would not have reflected in vivo conditions. This approach has previously been used by our laboratory (14, 17, 18, 20, 27, 36, 39) and by those of other laboratories (2, 9, 11, 48) . Fifteen micrograms of protein were loaded on 4 -12% polyacrylamide gels, separated by electrophoresis, and transferred onto nitrocellulose membranes for Western blot analysis. Blots were stripped with Restore Western Blot Stripping Buffer (Pierce Biotechnology, Rockford, IL) and reprobed for glyceraldehyde-3-phosphate (GAPDH) and expression of additional proteins. Blots were developed using enhanced chemiluminescence (ECL; Pierce Biotechnology), and bands were visualized with a digital acquisition system (ChemiDoc-It; UVP, Upland, CA) as previously described (16, 20) . Relative intensity of bands was quantified with ImageJ software (NIH) and normalized to GAPDH expression to account for differences in protein loading. These data are expressed relative to the mean of the young control group on a given blot. Representative Western blot bands for each experimental group were obtained from a single blot image for each protein; however, single bands are shown as the order of the experimental groups in the lanes of the polyacrylamide gels differed from the experimental group order that is depicted graphically. Antibodies for Western blot analysis included SIRT1 3045, Cell Signaling), and NF-B p65 (1:1,000, 65 kDa; no. 3034, Cell Signaling). SIRT1 activity was assessed as the ratio of the known SIRT1 substrate lysine379-acetyl-p53 to total p53. Concentrations of the proinflammatory cytokines TNF-␣ and IFN-␥ were determined in aortic whole cell lysates by multiplex ELISA (Searchlight Mouse Inflammatory Cytokine Kit; Aushon Biosystems, Billerica, MA) as previously described (36) .
Arterial superoxide production. Production of superoxide in twomillimeter aortic rings was measured by electron paramagnetic resonance (EPR) spectrometry using the spin probe 1-hydroxy-3-methoxycarbonly-2,2,5,5-tetramethylpyrrolidine (CMH; Alexis Biochemicals, San Diego, CA) as previously described (36, 39) . Aortic rings were incubated for 60 min at 37°C in 200 l of Krebs-HEPES buffer containing 0.55 mM CMH and analyzed immediately on an MS300 X-band EPR spectrometer (Magnettech, Berlin, Germany).
Statistics. Results are presented as means Ϯ SE. Statistical analysis was performed with SPSS 21.0 software (IBM, Somers, NY). For the ex vivo vasodilatory dose response, group differences were determined by repeated-measures ANOVA. For animal characteristics, protein expression, maximal dilation, sensitivity, superoxide production, and cytokine levels, comparisons between groups were made using either a one-way or two-way ANOVA. Least squares difference post hoc tests were used where appropriate. Significance was determined using P Ͻ 0.05.
RESULTS
Animal characteristics. Animal characteristics of the groups are shown in Table 1 . Body mass, heart mass, and carotid artery lumen maximal diameter were greater in the old mice compared with the young animals (P Ͻ 0.05). SRT1720 treatment had no effect on these variables.
SIRT1 activation with SRT1720 restores EDD in old mice. Compared with the young control mice, EDD was impaired in old vehicle-treated mice (83 Ϯ 2 vs. 96 Ϯ 1%; P Ͻ 0.01; Fig.  1A ). SRT1720 administration restored EDD in old mice (95 Ϯ 1%; P Ͻ 0.01) (Fig. 1A) . SRT1720 treatment did not affect EDD in young animals (97 Ϯ 1%; P Ͼ 0.05; Fig. 1A ) compared with the young control mice. EID to SNP (Fig. 1B ) and sensitivity to ACh (data not shown) were not different among these groups (all P Ͼ 0.05). Lastly, there were no differences in EDD (Fig. 1C) , EID ( Fig. 1D ), or sensitivity to ACh (data not shown) in the young vehicle-treated and young (untreated) control groups (all P Ͼ 0.05). As such, young untreated animals were used as the reference control group for subsequent assessments. 
SIRT1 activation with SRT1720 increases COX-2-mediated dilation in old mice.
Blockade of NOS with the inhibitor L-NAME dramatically reduced dilation to ACh in all groups of mice (all P Ͻ 0.01; Fig. 2, A and B) . NO-mediated dilation, i.e., the difference in dilation to ACh in the presence vs. absence of NOS inhibition with L-NAME, was reduced with age in old vehicle-treated mice compared with young control animals (39 Ϯ 7 vs. 59 Ϯ 5%; P Ͻ 0.05; Fig. 2C ). However, SRT1720 treatment did not influence NO-mediated dilation in old (37 Ϯ 6%; P Ͻ 0.05) or young (69 Ϯ 8%; P Ͼ 0.05) mice (Fig. 2C) . Together, these results indicated that SRT1720 ameliorated the age-related impairment in EDD through a dilator mechanism other than NO.
Accordingly, dilation to ACh next was repeated in the presence of both L-NAME and the nonspecific COX inhibitor indomethacin. Combined NOS and COX inhibition selectively reduced dilation in old mice treated with SRT1720 compared with NOS inhibition alone (35 Ϯ 6 vs. 55 Ϯ 5%; P Ͻ 0.05; Fig. 2D ) but did not affect dilation in old vehicle-treated animals (32 Ϯ 10 vs. 36 Ϯ 7%; Fig. 2D ) or young mice ( Fig.  2E ; all P Ͼ 0.05). These observations suggested that the improvement in EDD in old mice treated with SRT1720 was mediated by increases in the production of COX vasodilators.
To confirm SRT1720 treatment restored EDD in old mice via enhanced COX vasodilator production, dilation to ACh with indomethacin was repeated without NOS inhibition. Inhibition of COX vasodilators did not change maximal dilation in old vehicle-treated animals (87 Ϯ 4%; P Ͼ 0.05; Fig. 2F ) but reduced maximal EDD in old SRT1720-treated mice compared with dilation to ACh alone (82 Ϯ 6 vs. 95 Ϯ 1%; P Ͻ 0.01; Fig. 2F ), resulting in similar dilation to that observed in the old vehicle-treated animals. These findings indicate an age-related loss of COX-mediated dilation, which is restored with SRT1720 treatment.
To determine the specific COX isoform mediating the increase in EDD in old mice treated with SRT1720, dilation to ACh was repeated in the presence of the COX-2-specific inhibitor NS-398. COX-2 inhibition selectively reduced maximal dilation to ACh in old mice treated with SRT1720 (85 Ϯ 3 vs. 95 Ϯ 1%; P Ͻ 0.01; Fig. 2F ), thus abolishing treatment differences in the old animals. There were no effects on the young animals. These results demonstrate that treatment with SRT1720 improves EDD in old mice via increased production of COX-2 vasodilators.
SRT1720 restores aortic SIRT1 expression and activity in old mice. SIRT1 protein expression was reduced 47% in aorta of old vehicle-treated mice compared with young control animals (P Ͻ 0.05; Fig. 3A ). SRT1720 treatment restored SIRT1 expression in old mice but had no effect in young animals (Fig. 3A) . Moreover, the expression ratio of the known SIRT1 substrate acetyl-p53 to total p53 was 193% greater in aorta of old vehicle-treated mice compared with young control animals (P Ͻ 0.05), indicating reduced SIRT1 activity (Fig. 3B ). This age-related increase in the acetyl-p53-to-total p53 ratio was reversed in SRT1720-treated old mice, indicating enhanced aortic SIRT1 activity with SRT1720 treatment (Fig. 3B) .
SRT1720 restores arterial COX-2 protein expression in old mice. Aortic protein expression of COX-1 was unchanged with age or SRT1720 treatment (P Ͼ 0.05; Fig. 4A ). However, COX-2 protein expression was reduced by 50% in old mice treated with vehicle compared with young control mice (P ϭ 0.05; Fig. 4B ). SIRT1 activation with SRT1720 treatment normalized COX-2 expression in old mice but had no effect in young mice (Fig. 4B) . Aortic protein expression of eNOS was unchanged with age or SRT1720-treatment (P Ͼ 0.05) (data not shown). These results show arterial COX-2 protein expres- Fig. 1 . Endothelium-dependent and endothelium-independent dilation. Dose responses to the endothelium-dependent dilator acetylcholine (ACh; A) and endothelium-independent dilator sodium nitroprusside (SNP; B) in young control (YC), young SRT1720-treated (YS), old vehicle-control (OV), and old SRT1720-treated (OS) mice. Dose responses to ACh (C) and SNP (D) in YC and young vehicle-treated (YV) mice. Values are means Ϯ SE. ACh: YC, n ϭ 38; OV, n ϭ 17; YS, n ϭ 24; OS, n ϭ 28; YV, n ϭ 11. SNP: YC, n ϭ 23; OV, n ϭ 11; YS, n ϭ 13; OS, n ϭ 17; YV, n ϭ 6. Differences in dose-response curves were assessed with repeated-measures ANOVA. Least squares differences post hoc test was used to determine individual group differences to ACh. *P Ͻ 0.01 vs. YC; †P Ͻ 0.01 vs. OV. sion is reduced with aging but is restored in old mice with SRT1720 treatment.
SRT1720 normalizes vascular superoxide and superoxide suppression of EDD without altering NOX4 protein expression and selectively increases antioxidant enzymes in old mice. Aortic superoxide production was 46% greater in the old mice treated with vehicle compared with young control mice (P Ͻ 0.05), and SRT1720 treatment in old mice restored superoxide to levels comparable with young animals (Fig. 5A) . Consistent with this, incubation with TEMPOL, a superoxide scavenger, restored EDD in carotid arteries from old vehicle-treated mice (83 Ϯ 3 vs. 97 Ϯ 1%; P Ͻ 0.01) without affecting EDD in the other groups (all P Ͼ 0.05; Fig. 5B ). However, aortic expression of the oxidant enzyme NOX4 was increased with age (P Ͻ 0.05) but was not altered with SRT1720 treatment (P Ͼ 0.05; Fig. 5C ). Together, these observations indicate that SRT1720 treatment ameliorates the increase in arterial superoxide production with aging and its suppression of endothelial function in old animals in a manner independent of changes in NOX4 protein expression.
Aortic expression of the antioxidant enzymes SOD and catalase was either unchanged or increased in old vehicletreated mice compared with young controls (Fig. 6, A-D) . In old mice, SRT1720 treatment increased MnSOD by 67% and catalase by 89% compared with vehicle treatment (both P Ͻ 0.05; Fig. 6, A and B) and increased expression of MnSOD, CuZnSOD, ecSOD, and catalase above levels observed in young control mice (all P Ͻ 0.05; Fig. 6, A-D) . In general, SRT1720 also increased antioxidant expression in young mice. These data suggest that SIRT1 selectively enhances arterial antioxidant enzyme expression in both old and young mice.
SIRT1 activation with SRT1720 reduces arterial inflammation in old mice. NF-B activation, assessed by the NF-B acetyl-p65-to-total p65 ratio, was increased ϳ12-fold in aorta from the old vehicle-treated mice compared with the young controls (P Ͻ 0.05; Fig. 7A ). Treatment with SRT1720 completely reversed the activation of NF-B in old mice (Fig. 7A) . Expression of the inflammatory cytokines TNF-␣ and IFN-␥ were elevated 161% and 193%, respectively, in aorta of old vehicle-treated compared with young control animals (P Ͻ 0.05; Fig. 7, B and C) . In older animals, SRT1720 activation decreased the expression of TNF-␣ by 45% (P Ͻ 0.05; Fig. 7B ) and tended to reduce levels of IFN-␥ by 39% (P ϭ 0.1; Fig.  7C ). SRT1720 treatment had no effect on NF-B activation or inflammatory cytokine expression in young mice (Fig. 7, A-C) . These data indicate that 4 wk of SIRT1 activation with 
. Nitric oxide (NO)-, cyclooxygenase (COX)-, and COX-2-dependent modulation of endothelium-dependent dilation (EDD). EDD to ACh in the absence or presence of NO synthase inhibitor N G -nitro-L-arginine methyl ester (L-NAME) in YC and YS mice (A) and OV and OS mice (B)
. C: NO-mediated ACh dilation (maximal dilation to ACh Ϫ maximal dilation to ACh ϩ L-NAME) in YC, OV, YS, and OS mice. EDD to ACh in the absence or presence of L-NAME and L-NAME plus the COX inhibitor indomethacin (Indo) in OV and OS mice (D) and in YC and YS mice (E). F: maximal EDD to ACh in the absence or presence of Indo or the COX-2 specific inhibitor N-(2-cyclohexyloxy-4-nitrophenyl)-methanesulfon-amide (NS-398) in YC, OV, YS, and OS mice. Values are means Ϯ SE. ACh ϩ L-NAME: YC, n ϭ 12; OV, n ϭ 11; YS, n ϭ 14; OS, n ϭ 14. NO-mediated ACh dilation: YC, n ϭ 12; OV, n ϭ 10; YS, n ϭ 12; OS, n ϭ 12. ACh ϩ L-NAME ϩ Indo: YC, n ϭ 8; OV, n ϭ 7; YS, n ϭ 8; OS, n ϭ 7. ACh ϩ Indo: YC, n ϭ 11; OV, n ϭ 6; YS, n ϭ 8; OS, n ϭ 9. ACh ϩ NS-398: YC, n ϭ 12; OV, n ϭ 7; YS, n ϭ 7; OS, n ϭ 13. Differences in dose-response curves were assessed with repeated-measures ANOVA. Differences in NO-mediated ACh maximal dilation and in maximal dilation to ACh with or without Indo and NS-398 were determined via one-way ANOVA and least squares differences post hoc test. †P Ͻ 0.05 vs. YC ACh; ‡P Ͻ 0.05 YS ACh; §P Ͻ 0.05 vs. OV ACh; #P Ͻ 0.05 vs. OS ACh; {P Ͻ 0.05 vs. YC NO-mediated ACh dilation. *P Ͻ 0.05 vs. OS ACh ϩ L-NAME. SRT1720 ameliorates age-related increases in arterial NF-B activation and reduces expression of inflammatory cytokines in aorta of old mice.
DISCUSSION
The key novel findings from the present study are that direct activation of SIRT1 with SRT1720 for 4 wk ameliorates age-related vascular endothelial dysfunction via enhanced COX-2 expression and vasodilator production and restores arterial SIRT1 activity and expression in old mice. SIRT1 activation by SRT1720 also normalizes vascular superoxide and its suppression of endothelial function in old animals and stimulates expression of arterial antioxidant enzymes. Moreover, SRT1720 treatment reverses age-associated arterial NF-B activation and reduces inflammatory cytokines in old mice. To our knowledge, this is the first study to show the efficacy of direct SIRT1 activation for improving vascular dysfunction and reducing arterial oxidative stress and inflammation with aging. These preclinical findings provide evidence for the translational potential of direct SIRT1 activation as a strategy to reduce the risk of age-related CVD in humans. YC, n ϭ 7; OV, n ϭ 8; YS, n ϭ 11; OS, n ϭ 9. COX-2: YC, n ϭ 6; OV, n ϭ 6; YS, n ϭ 8; OS, n ϭ 6. Differences in protein expression were determined with one-way ANOVA. Least squares differences post hoc test was used to determine individual group differences to COX-2. *P ϭ 0.05 vs. YC; †P Ͻ 0.05 vs. OV.
Vascular endothelial dysfunction, NO, and COX-2.
The present findings of age-related reductions in vascular endothelial function, as indicated by impaired EDD, are consistent with previous findings from our laboratory (28, 36) and others (35, 45) . Recently, we showed that ex vivo inhibition of SIRT1 in femoral arteries abolished age-related differences in vascular endothelial function (13) , and previously it was reported that endothelial-specific expression of a dominant negative SIRT1 mutant impairs EDD (30) . The present results extend the previous findings by demonstrating that activation of SIRT1 with SRT1720 restores EDD in old mice to levels similar to young animals.
The present study found impaired NO-mediated dilation with age, consistent with our previous findings and those of others (21, 35, 36, 39, 45) . SIRT1 has been reported to increase NO production via direct deacetylation and activation of eNOS (13, 30) and to enhance EDD, at least under some conditions (30) . However, the normalization of EDD by SIRT1 activation with SRT1720 in old mice in our study was not mediated by increased NO bioavailability nor associated with changes in eNOS. We suspect the lack of improvement in NO-mediated dilation in the current study may be due to the allosteric activation of SIRT1 with SRT1720, which strongly depends on substrate structure (10, 23) , indicating SRT1720 may not enhance SIRT1-mediated deacetylation, and hence activation, of eNOS to increase NO production.
Rather, our results indicate that SIRT1 activation with SRT1720 improves EDD in old mice by enhancing the production of COX-2 vasodilators. Endothelial COX-2 production of vasodilators can act as a compensatory mechanism to maintain EDD in settings of impaired NO-mediated dilation (19, 44) . The current study provides the first evidence that enhanced COX-2 vasodilation via SIRT1 activation can restore EDD in a chronic state of endothelial dysfunction. Consistent with the improvement in vasodilatory function, we found an age-related decrease in arterial COX-2 protein, which was restored with SRT1720 treatment, whereas there was no change in COX-1 with age or treatment. This is in agreement with the results of a recent study showing that SRT1720 protects against apoptosis in response to kidney injury by induction of renal COX-2 expression via SIRT1 transcriptional control of COX-2 through the COX2 gene promoter (22) .
Arterial SIRT1 expression and activity. The present results are consistent with our previous observations and those of others showing reduced vascular SIRT1 expression and/or activity with age in rodents (13, 36, 47) and humans (13, 24) . The current study extends these findings by establishing that SIRT1 activation with SRT1720 normalizes protein expression and activity of SIRT1 in arteries of aged mice to those of young mice. SIRT1 is known to exert positive transcriptional regulation of itself via enhanced deacetylation and activity of transcription factors resulting in elevated SIRT1 protein expression (31, 51) . SRT1720 has previously been shown to increase SIRT1 expression in liver and brown adipose tissue of mice on a high-fat diet (15) .
Arterial superoxide and expression of oxidant and antioxidant enzymes. Using direct measurements via EPR spectroscopy, we have previously shown increased superoxide production in aorta with aging in mice (36, 39) and demonstrated that this is associated with superoxide-mediated impairment of EDD (36, 39) . Here we show for the first time that SIRT1 activation by SRT1720 normalizes aortic superoxide production in old mice and abolishes superoxide-induced impairment of EDD in old animals. These observations are consistent with a previous report of reductions in superoxide production in coronary endothelial cells in vitro after treatment with the nonspecific SIRT1 activator resveratrol (49) .
The current results also demonstrate an increase in aortic levels of the oxidant enzyme NOX4 with aging, in agreement with previous work in rats (29) . Resveratrol has been shown to reduce NOX4 expression in cultured endothelial cells (42) , and further SIRT1 inhibition has also been shown to increase NOX4 levels in aortic rings (55) . However, we did not find a change in aortic NOX4 expression with SIRT1 activation with Values are means Ϯ SE. EPR: YC, n ϭ 16; OV, n ϭ 5; YS, n ϭ 7; OS, n ϭ 7. ACh ϩ TEMPOL: YC, n ϭ 8; OV, n ϭ 6; YS, n ϭ 7; OS, n ϭ 8. NOX4: YC, n ϭ 9; OV, n ϭ 8; YS, n ϭ 7; OS, n ϭ 7. Group n for ACh are listed in Fig. 1 . Differences in EPR and maximal dilation in the presence or absence of TEMPOL were determined with one-way ANOVA and least squares differences post hoc test. Differences in NOX4 protein expression were determined with one-way ANOVA (P ϭ 0.06) and two-way ANOVA (treatment ϫ age). *P Ͻ 0.05 vs. YC; †P Ͻ 0.05 vs. OV; ‡P Ͻ 0.05 vs. YC ACh; §P Ͻ 0.05 vs. OV ACh. SRT1720, indicating reductions in NOX4 levels did not contribute to the decrease in arterial superoxide in old mice treated with SRT1720. The discrepancy between our results and those found in vitro in endothelial cells with resveratrol may be due to the well-known pleiotropic effects mediated by resveratrol vs. the use of SRT1720 (41) .
In the present study, we also found that SIRT1 activation with SRT1720 selectively increased arterial expression of key antioxidant enzymes in old, as well as young, mice. Specifically, aortic MnSOD, CuZnSOD, and catalase were upregulated with SRT1720 treatment in old and/or young animals, whereas ecSOD was unchanged. There was a tendency for some antioxidant enzymes to be greater with aging per se, possibly as an attempt to defend against chronic oxidative stress. Our results here are in agreement with earlier findings that activation of SIRT1 induces expression of MnSOD and catalase (1, 49) and suggest that upregulation of antioxidant enzymes may contribute to reductions in superoxide-mediated suppression of EDD with SRT1720 treatment.
Arterial inflammation. We have previously reported vascular NF-B activation accompanied by increased levels of proinflammatory cytokines with aging in both humans (12) and mice (28) . Consistent with this, in the current study we found an increase in aortic NF-B activation in old mice, associated with elevated expression of the inflammatory cytokines TNF-␣ and IFN-␥. Most importantly, we extend these previous findings by demonstrating that SIRT1 activation with SRT1720 completely reverses NF-B activation in old animals and that this is associated with decreased expression of TNF-␣ and a trend towards reduced levels of IFN-␥. These observations are in agreement with previous reports showing that SIRT1 inhibits NF-B transcriptional activity via deacetylation of the p65 subunit (52) and, conversely, that inhibition of SIRT1 increases acetylation of p65, resulting in enhanced NF-B activation (53) . Moreover, SRT1720 administration per se reduces acetylation of NF-B p65 in vitro (54) and in vivo (53) and decreases gene expression of proinflammatory cytokines in liver (33, 53) and heart (33). To our knowledge, the present findings are the first evidence demonstrating SIRT1 activation with SRT1720 reduces NF-B activation and partially normalizes age-associated increases in inflammatory cytokines in vascular tissue. Values are means Ϯ SE. MnSOD: YC, n ϭ 16; OV, n ϭ 13; YS, n ϭ 15; OS, n ϭ 15. Catalase: YC, n ϭ 11; OV, n ϭ 10; YS, n ϭ 12; OS, n ϭ 13. CuZnSOD: YC, n ϭ 11; OV, n ϭ 9; YS, n ϭ 10; OS, n ϭ 10. ecSOD: YC, n ϭ 13; OV, n ϭ 11; YS, n ϭ 15; OS, n ϭ 13. Differences in protein expression were determined with one-way ANOVA and least squares differences post hoc test. *P Ͻ 0.05 vs. YC; †P Ͻ 0.05 vs. OV.
Experimental considerations. We wish to emphasize several experimental considerations. We did not directly measure prostanoids associated with COX vasodilatory activity. These molecules have very short half-lives (25, 38) , and their metabolites are present in very small amounts in vivo (3). We studied different arteries for vasodilation and supporting biochemical measures. Both carotids were utilized for assessment of vascular endothelial function, and this included the addition of inhibitors to the vessel bath to assess the influence of vasodilatory enzymes and superoxide on vascular function. The aorta, another large elastic artery, was used to assess protein expression and superoxide production as described previously by our laboratory (14, 17, 18, 20, 27, 36, 39) and others (2, 9, 11, 48) . Finally, we did not perform extensive biochemical assessments of eNOS, including expression of acetylated-eNOS, because the improvement in EDD with SRT1720 treatment was not mediated by increases in NO bioavailability.
Summary and conclusions. The results of the current study are the first to demonstrate that SIRT1 activation with SRT1720 ameliorates vascular endothelial dysfunction with aging via enhanced production of COX-2 vasodilators associated with upregulation of COX-2 protein and normalizes arterial SIRT1 expression and activity. The restoration of endothelial function in old animals with SRT1720 is associated with normalization of arterial superoxide production and reversal of superoxidemediated suppression of EDD, accompanied by selective improvements in antioxidant enzyme expression. We further show that SIRT1 activation with SRT1720 reverses arterial NF-B activation and mitigates vascular inflammation in old mice (Fig. 8) . Fig. 7 . Arterial inflammation. Aortic protein expression of ratio of nuclear factor-B (NF-B) subunit acetyl-p65 to total p65 (A), tumor necrosis factor-␣ (TNF-␣; B), and interferon-␥ (IFN-␥; C) in YC, OV, YS, and OS mice. Western data are expressed relative to GAPDH and normalized to YC mean value. Individual representative Western blot bands from a single image are at bottom. Values are mean Ϯ SE. NF-B acetyl-p65/p65: YC, n ϭ 6; OV, n ϭ 6; YS, n ϭ 8; OS, n ϭ 8. TNF-␣: YC, n ϭ 4; OV, n ϭ 5; YS, n ϭ 3; OS, n ϭ 6. IFN-␥: YC, n ϭ 4; OV, n ϭ 5; YS, n ϭ 3; OS, n ϭ 6. Differences in protein expression and cytokine levels were determined with one-way ANOVA and least squares differences post hoc test. *P Ͻ 0.05 vs. YC; †P Ͻ 0.05 vs. OV; §P ϭ 0.1 vs. OV. Fig. 8 . Working hypothesis. In old mice, treatment with SRT1720 increases aortic SIRT1 activity and expression and this results in increased arterial COX-2 protein and enhanced COX-2 mediated vasodilation, as well as an upregulation of aortic antioxidant enzymes and reduced vascular oxidative stress, and a decrease in NF-B acetyl-p65 levels and a reduction in arterial inflammation. These changes restore vascular homeostasis and ameliorate the agerelated decline in endothelial function, which may reduce the risk of cardiovascular disease.
Previous reports of the beneficial effects of increased SIRT1 activity on the vasculature have utilized genetic manipulation (30, 56) or nonspecific activators such as resveratrol (7) . The novel results of the present study provide the first direct support for the potential of therapies aimed at specific SIRT1 activation to reverse key features of arterial aging with the promise of reducing the risk of age-associated CVD in humans.
